The role of calcineurin protein phosphatase 2B (PP2B) in the pathogenesis of human hypertrophic cardiomyopathy (HCM) remains unsettled. We determined potential involvement of calcineurin in the pathogenesis of HCM caused by mutations in myozenin 2 (MYOZ2), an inhibitor of calcineurin.
Methods and results
We generated multiple lines of transgenic mice expressing either Flag-tagged wild-type (WT) (MYOZ2 WT ) or mutant MYOZ2 S48P and MYOZ2 I246M , identified in families with HCM, in the heart. To mimic the human genotype, we generated bigenic mice expressing WT and mutant MYOZ2 in the background of hemizygous endogenous MYOZ2 (Myoz2 +/2 ). Transgene proteins constituted 15 -48% of the total MYOZ2 protein in the heart. Mutant MYOZ2 mice showed molecular, cellular, and gross cardiac hypertrophy, preserved systolic function, and interstitial fibrosis.
Immunofluorescence staining showed co-localization of WT and mutant MYOZ2 proteins with a-actinin at the Z disks. Electron microscopy showed disrupted and mal-aligned Z disks in the mutant mice. Cardiac calcineurin activity, determined by quantifying Rcan1.4 mRNA and protein levels, luciferase activity in triple transgenic Myoz2 +/2 :NFATcLuc:MYOZ2 I246M and Myoz2 +/2 :NFATc-Luc:MYOZ2 WT mice, and NFATc transcriptional activity assay, was unchanged in the mutant transgenic mice. However, levels of phospho-ERK1/2 and JNK54/46 were altered in the transgenic mice. Likewise, lentiviral-mediated expression of the MYOZ2 I246M did not affect RCAN1. 4 and calcineurin (PPP3CB) protein levels.
Conclusions
Thus, the cardiac phenotype in HCM caused by MYOZ2 mutations might be independent of calcineurin activity in the heart. Z disk abnormalities might provide the stimulus for the induction of cardiac hypertrophy caused by MYOZ2 mutations.
Introduction
Human hypertrophic cardiomyopathy (HCM) is a relatively common genetic disease caused by mutations in genes encoding sarcomere proteins. 1, 2 The phenotype is characterized by cardiac and myocyte hypertrophy, disarray, interstitial fibrosis in conjunction with preserved systolic function. 2, 3 HCM is the most common discernible cause of sudden cardiac death in the young and an important cause of diastolic heart failure. 4 Over a dozen causal genes and several hundred mutations have been identified in patients with HCM. 2 The known causal genes encode sarcomere including Z disk proteins. 2 Molecular mechanistic studies have illustrated the heterogeneity of the responsible mechanisms for the cardiac phenotype in HCM. 5 -7 We recently identified two mutations (p.S48P and p.I246M) in MYOZ2, which encodes Z disk protein myozenin 2 (MYOZ2) or calsarcin 1 in HCM families. 8 The mutations affect highly conserved amino acids. 8 Because MYOZ2 is known to inhibit protein phosphatase 2B (PP2B) activity, † These authors are equally contributed.
commonly known as calcineurin, 9,10 the findings invoked the calcineurin-nuclear factor of activated T cells (NFAT) pathway in the pathogenesis of HCM.
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Despite the well-established prohypertrophic role of the calcineurin-NFATc pathway in the heart, 11, 12 the role of calcineurin in the pathogenesis of HCM has remained controversial. Contrary to the well-established role of the calcineurin -NFATc pathway in experimental models of cardiac hypertrophy, treatment of organ transplant recipients with calcineurin inhibitors can cause an HCM-like phenotype, which reverses upon discontinuation. 13 Similarly, treatment of a mouse model of human MyHC mutation with cyclosporine, a calcineurin inhibitor, caused deleterious effects on cardiac structure and function and led to premature mortality. 14 We determine whether cardiac hypertrophy in HCM caused by the MYOZ2 mutations results from an enhanced activity of the calcineurin-NFAT pathway in the heart. We generated transgenic mice that expressed either a wild-type (WT) or a mutant MYOZ2 in the background of endogenous MYOZ2 protein. To mimic the human genotype, we generated mice hemizygous for the endogenous Myoz2 genotype (Myoz2 +/2 ) but expressing the WT or mutant MYOZ2 in the heart. We characterized the phenotype and determined the activation of the calcineurin -NFATc pathway in the heart. In addition, we generated recombinant lentiviruses and expressed MYOZ2 WT and MYOZ2 I246M in neonatal rat ventricular myocytes (NRVM) and measured a regulator of calcineurin 1 (RCAN1) and calcineurin (PPP3CB) protein levels.
Methods
An extended version of Materials and Methods is provided as Supplementary material online. The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication, 8th Edition, 2011). The University of Texas Health Science Center Animal Care and Use Committee approved the protocol.
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We generated several lines of transgenic mice (FVB background) expressing either WT or mutant (p.S48P or p.I246M) MYOZ2 in the heart under the transcriptional regulation of a cardiac-restricted a-myosin heavy chain (Myh6) promoter. 15 In brief, full-length human WT MYOZ2 cDNA was cloned downstream to a 5.5 kb 5 ′ genomic fragment of the Myh6 gene. Three sequential FLAG sequences were positioned in frame 5
′ to the MYOZ2 cDNA. Mutations were introduced by site-directed mutagenesis. The final transgene constructs were sequenced by the Sanger method in sense and anti-sense directions. The vector-purified transgenes were microinjected into single-cell embryos. the NFATc-luciferase reporter, the latter is an indicator of the activation of the calcineurin-NFATc pathway. At the genetic level, the mutant mice resemble the human genotype having one copy of the WT and one copy of the mutant MYOZ2 alleles but also harbour the NFATc-luciferase reporter construct in their genome.
Double transgenic Myoz2

Mouse genotyping
The transgenes were detected by PCR of genomic DNA extracted from mice tails. The sequences of the primers are shown in Supplementary material online, Table 1 . Euthanasia was performed by CO 2 inhalation followed by cervical dislocation.
Echocardiography
Cardiac structure and function in transgenic and non-transgenic (NTG) mice was assessed by the transthoracic M mode, 2D, and Doppler echocardiography using an HP 5500 Sonos echocardiography unit equipped with a 15-MHz linear transducer, as published. 17 -20 Mice were anaesthetized by ip injection (15 mL/kg) of sodium pentobarbital (4.13 mg/mL, equal to 62 mg/kg). The adequacy of anaesthesia was confirmed by assessing the response to pinching the toes and eyelid reflex. Indices of the cardiac size and function were calculated as described.
-19
2.6 Isolation of neonatal rat ventricular myocytes NRVM was isolated as described with modest modifications. 21 Neonatal rats were euthanized by decapitation. The heart was removed, minced into small pieces and placed in a digestion buffer containing Collagenase Type II. Upon complete digestion, cells were pelleted by centrifugation and re-suspended in a culture media containing 10% foetal bovine serum and antibiotics. The non-attached myocytes were collected and plated into six-well plates for transduction with the recombinant lentiviruses.
Recombinant lentiviruses
Flag-tagged WT and p.I246M MYOZ2 cDNAs were cloned into the lentiviral expression vector, as described. 20 The lentiviral plasmid containing the MYOZ23 cDNAs and the packaging plasmids were transfected into 293T cells to generate the viruses.
Immunoblotting
Immunoblotting was performed using 30 mg of cardiac or myocytes protein extracts as described. 20 To detect the transgene and total MYOZ2 (transgene and endogenous) proteins, the membranes were probed with rabbit polyclonal anti-Flag and goat polyclonal anti-MYOZ2 antibodies, respectively. To detect RCAN1 and PPP3CB (calcineurin) proteins, the membranes were probed with rabbit polyclonal anti-DSCR1 and anti-PPP3CB antibodies, respectively. Likewise, levels of selected mitogenactivated protein kinases (MAPK) involved in cardiac hypertrophic response were detected using antibodies specific against phospho-ERK1/2, total ERK1/2, phospho-JNK, total-JNK, phospho-p38, total-p38, and myosin heavy chain b (MYH7). The secondary antibodies were goat antimouse IgG horseradish peroxidase (HRP) conjugated, goat anti-rabbit IgG-HRP, and donkey anti-rabbit IgG-HRP. Signals were detected using chemiluminescence detection reagents.
Gross phenotype and histomorphometry
Ventricular weight, after the excision of the great vessels and atria, and body weight were measured in 8 -21 mice per group. Cardiac histology was examined by H&E staining of thin myocardial sections. The extent of fibrosis was analysed by the quantification of collagen volume fraction (CVF) of Sirius Red stained thin myocardial sections. Images were analysed using the ImageTool 3.0 analysis software (http://ddsdx.uthscsa.edu/dig/itdesc. html). The myocyte cross-sectional area (CSA) was quantified after staining fresh frozen thin myocardial sections with 2 mg/mL wheat germ agglutinin conjugated with Texas-Red w . The sections were mounted in Hard SetTM mounting medium and examined under fluorescence microscopy. Morphometric analysis was performed as published.
17,18
Immunofluorescence staining
Thin myocardial cryosections were fixed with 2% paraformaldehyde, permeabilized, blocked with 5% donkey serum in 0.2% PBS-Triton X, and incubated with monoclonal anti-sarcomeric a-actinin and rabbit polyclonal anti-Flag antibodies. The sections were treated with secondary antibodies conjugated with either Texas-Red or Fluorescein. NRVM were stained for F-actin 48 h of transduction with the recombinant lentiviruses using Phailloidin conjugated to Alexa Fluorw 568. Nuclei were counterstained with DAPI (Vectorshield TM ).
Transmission electron microscopy
Age-matched mice (n ¼ 3 per group) were anaesthetized by ip injection (15 mL/kg) of sodium pentobarbital (4.13 mg/mL). Mice were injected with 100 IU/mL (diluted in PBS) of heparin intraperitoneally. The isolated hearts were perfused retrogradely with calcium-free PBS and perfusion fixed with 2% paraformaldehyde + 2.5% glutaraldehyde in 0.1 M Millonig's phosphate buffer, pH7.4. The hearts were then minced, fixed for 2 days in the same fixation buffer and post-fixed in cold 1% OsO 4 in 0.1 M Millonig's phosphate buffer followed by dehydration through a gradient series of ethanol concentrations. The tissue was en bloc stained with saturated uranyl acetate in 50% ethanol and was infiltrated with progressively concentrated mixtures of plastic resin and 100% ethanol. The tissue was then given three changes of pure, freshly made plastic resin, embedded in 00 BEEM capsules and placed in a 638C oven for 18 h. Longitudinal thin sections of 70 nm were obtained using an RMC MT6000-XL ultramicrotome and a Diatome Ultra45 diamond knife, and collected on 150 hex-mesh copper grids. The sections were counterstained with Reynold's lead citrate for 4 min. Dry samples were examined on a Hitachi H7500 transmission electron microscope and images were captured using a Gatan US1000 digital camera with the Digital Micrograph v1.82.366 software.
Quantitative real time PCR
Total RNA was extracted from myocardial tissue using the Qiagen RNeasy Mini Kit. The Rcan1.4 mRNA level was determined by quantitative PCR (qPCR), using specific TaqMan Gene expression assays and normalized to the glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA level. Likewise, mRNA levels of Myh7, Nppb (B-type natriuretic peptide); Nppa (atrial natriuretic peptide), Atp2a2 (SERCA2a), and Acta1 (skeletal a-actin), markers of cardiac hypertrophy, as well as Col1a1 (procollagen 1) and Col3a1 (procollagen III); markers of fibrosis, were determined by qPCR. All reactions were performed in triplicates and in four to six mice per group and in three independent sets of transduced NRVM. Sequence of the probe used is listed in Supplementary material online, :NFATc-Luc were homogenized by sonication in the presence of a Luciferase Assay System Reporter Lysis Buffer and complete protease inhibitor cocktail. Protein concentrations were measured by the Bradford assay. Aliquots of 250 mg of protein extracts were applied to a 96-well plate, aliquots of 100 mL of ONE-Glo Luciferase assay buffer were added and luciferase activity was measured after 3 min using a microplate reader.
NFATc transcription activity assay
The effects of mutant MYOZ2 proteins (MYOZ2 S48P and MYOZ2
I246M
) on specific activation of the calcineurin-dependent transcription factor NFATc1 were assessed by an ELISA-based method according to manufacturer's recommended conditions. Briefly, nuclear extracts from NTG, MYOZ2 WT , MYOZ2
S48P
, and MYOZ2 I246M hearts were prepared using NE-PERw nuclear and cytoplasmic extraction reagents with a proteinase inhibitor and a phosphatase inhibitor. Ten micrograms of nuclear extracts were applied to wells coated with oligonucleotides containing a NFAT consensusbinding site (5 ′ -AGGAAA-3 ′ ). After incubation for 1 h at room temperature on a plate shaker an NFATc1-antibody was added to each well followed by incubation with an HRP-conjugated secondary antibody. The reaction was quantified using a microplate reader at 450 hm with a reference wavelength of 655 hm. Nuclear extracts from Jurkat T-cells served as a positive control.
Statistical analysis
Continuous variables were expressed as mean + SD and differences among the continuous variables that satisfied the normality distribution were compared by the one-way analysis of variance and the Bonferroni correction to multiple comparisons. Variables that were not normally distributed were compared by the Kruskal -Wallis test. Differences in the categorical variables were analysed by the Chi-square test. All statistical analyses were performed using STATA IC v. 10.1 for Macintosh.
Results
Expression of MYOZ2
S48P and MYOZ2 I246M in the heart
We generated five lines of MYOZ2 WT mice were detected by immunoblotting using antibodies against Flag and Pan MYOZ2, the latter to detect and quantify transgene and endogenous MYOZ2 ( Figure 1B) . Relative expression levels of the transgene protein to that of total MYOZ2 protein, quantified after probing the membranes with a pan MYOZ2 antibody, were 26-36% for MYOZ2 WT , 12% for MYOZ2 S48P and 18-23% for MYOZ2 I246M ( Figure 1C) . Likewise, expression levels of the MYOZ2 WT and MYOZ2 I246M in double transgenic mice constituted 48 and 33% of the total MYOZ2 level in the heart, respectively ( Figure 1C ). There were no apparent phenotypic differences among the lines within each genotype and between the corresponding single or double transgenic mice. Accordingly, lines with the highest expression levels were used for subsequently phenotypic characterization. Figure 2B ). Figure 1A ).
Molecular markers of cardiac hypertrophy and fibrosis in transgenic hearts
The mRNA levels of Myh7 and Nppb, markers of cardiac hypertrophy were increased in the Myoz2 Figure 1B and C). Likewise, The Co1a1 and Col3a1 mRNA level was increased in the mutant bigenic mice when compared with NTG or bigenic MYOZ2 WT mice (Supplementary material online, Figure 1D and E).
Localization of mutant MYOZ2 proteins to Z disks in the myocardium
Thin myocardial sections were co-stained with antibodies against Flag to detect transgenes and a-actinin to mark the Z disks. As shown in , and MYOZ2 I246M levels as percentages of the total MYOZ2 in the heart in each line of transgenic mice (n ¼ 3 -6 mice per line). A. Ruggiero et al. Figure 3 , both mutant proteins, whether expressed in the background of endogenous MYOZ2 or hemizygous endogenous MYOZ2 (Myoz +/2 ), were co-detected with a-actinin, indicating co-localization to sarcomere Z disk.
Z disks structure in the myocardium
Z disks structure analysed by transmission electron microscopy was normal in the Myoz2 +/2 :MYOZ2 WT mice with the exception of occasional misaligned or interrupted Z disks that comprised ,4% of 300 Z disks that were examined per each mouse heart ( Figure 4A ). In contrast, various Z disks abnormalities including poorly formed Z disks associated with myofibrillar disarray, interrupted, and discontinuous, bulging and slipped Z disks were observed in the mutant Myoz2 +/2 :MYOZ2 I246M group ( Figure 4B-F) . The percentage (mean + SD) of abnormal Z disks in each group, determined after the examination of 300 Z disks per each mouse hearts and in three mice per group, was 3.6 + 0.9% in the MYOZ2 WT and 14.3 + 3.2% in MYOZ2 I246M groups (P ¼ 0.003).
Rcan1.4 mRNA and protein levels in transgenic hearts
Rcan1.4, also known as MCIP1.4, is considered a reliable marker of the activation of the calcineurin pathway. 22 We detected and quantified Rcan1.4 mRNA and protein levels by qPCR and immunoblotting, respectively. The results showed increased Rcan1.4 protein and mRNA levels by more than two-fold in Myoz2 2/2 mice, which served as a positive control ( Figure 5A-C) . However, Rcan1.4 mRNA and protein levels were not significantly different among Myoz2 +/2 , Myoz2 +/2 :MYOZ2 WT Myoz2 +/2 :MYOZ2 I246M mice and were similar to Rcan1.4 mRNA and protein levels in NTG mice ( Figure 5A-C) .
NFATc-luciferase reporter assay
To determine whether the expression of mutant MYOZ2 affected activity of the calcineurin-NFATc pathway in vivo, we measured luciferase activity in triple transgenic mice expressing either a WT or mutant MYOZ2 in the background of hemizygous endogenous MYOZ2 and the luciferase reporter, regulated by the NFATc DNA-binding elements. 16, 23, 24 Intra-assay variability was minimal as indicated by a strong correlation between three measurements (correlation coefficient 0.999). Luciferase activity measured in a relatively large number of mice did not differ significantly among the experimental groups ( Figure 5D ).
NFAT-c transcriptional activity in transgenic hearts
To further substantiate the observed null findings regarding Rcan1.4 mRNA and protein levels and NFATc-Luciferase activity in the mutant transgenic mice, we detect and quantify calcineurin-dependent activation of transcription factor NFATc1. We tested three different doses of nuclear protein extracts and found a dose-dependent increase in NFATc activity in cardiac protein extracts from NTG, MYOZ2
WT , and MYOZ2 I246M mice ( Figure 5E ). We measured NFATc transcriptional activity in four mice per group. The mean NFATc transcriptional activity did not differ significantly among the experimental groups ( Figure 5F ).
Selected MAPK levels involved in cardiac hypertrophy in transgenic hearts
Levels of phospho-ERK1/2 were reduced in the heart of the Myoz2 +/2 : MYOZ2 WT mice when compared with NTG mice (Figure 6 ). However, phospho-ERK1/2 levels were increased in the Myoz2 +/2 :MYOZ2 I246M mice when compared with Myoz2 +/2 :MYOZ2 WT mice. Levels of total ERK1/2 were not significantly different among the experimental groups ( Figure 6 ). In addition, levels of phospho-JNK54/46, but not total JNK54/46 in the heart, were reduced in the Myoz2 +/2 : MYOZ2 WT and Myoz2 +/2 :MYOZ2 I246M mice when compared with the NTG mice. There were no significant differences in the myocardial levels of phospho-p38 and total p38 among the experimental groups.
Expression of MYOZ2
WT and MYOZ2 I246M in NRVM There were no significant difference in mRNA levels of markers of cardiac hypertrophy, namely Myh6, Myh7, Nppb, Nppa, ATP2a, and Acta1 between NRCM transduced with recombinant lentiviruses expressing MYOZ WT and MYOZ2 I246M (Supplementary material online, Figure 2) . Likewise, there were no discernible differences in the protein levels of RCAN1.4, PPP3CB, ERK1/2, as well as in cell morphology, and F-actin distribution between NRVM transduced with the WT or mutant MYOZ2 viruses (Supplementary material online, Figure 3 ).
Discussion
The impetus for the study was the unsettled role of calcineurin (PP2B) in human HCM. 13, 14 Identification of causal mutations in MYOZ2, 8 an inhibitor of calcineurin, 9, 10 in HCM families led us to propose that MYOZ2 mutations cause HCM in humans through the removal of the inhibitory effect of MYOZ2 on calcineurin -NFATc activity. Consequently, we postulated that the cardiac phenotype in HCM caused by the MYOZ2 mutations results from the activation of the calcineurin -NFATc pathway. Data in the present study show that the expression of mutant MYOZ2 proteins recapitulates an HCM-like phenotype, characterized by cardiac and myocytes hypertrophy, interstitial fibrosis and preserved systolic function. However, MYOZ2 mutations had no discernible effects on calcineurinNFATc activity, as determined by four complementary methods of detecting Rcan1.4 mRNA and protein levels, a reliable indicator of calcineurin-NFATc activity, 22 and measuring calcineurin-activated NFATc transcriptional activity and calcineurin-NFATc-regulated luciferase activity in mice. 16, 23, 24 Similarly, the expression of the mutant MYOZ2 I246M in NRVM did not have a significant effect on RCAN1.4 and PPP3CB protein levels. These results reject our primary hypothesis and indicate that the induction of cardiac hypertrophy in mouse models of HCM caused by the MYOZ2 mutations is independent of the effects of MYOZ2 on calcineurin prohypertrophic activity. MYOZ2 is a well-established inhibitor of calcineurin activity. 10 The p.S48P and p.I246M, identified in families with HCM, involve highly conserved amino acids, as reported previously. 8 HCM, also induced a hypertrophic phenotype. However, calcineurin activity was unchanged in these mice. The results concerning the null effect of the mutant MYOZ2 on calcineurin activity are subject to several potential limitations. The expression level of the mutant MYOZ2 protein was ,50% of the total MYOZ2 level in all five independent lines of mutant MYOZ2 mice, which is lower than the expected level in humans with heterozygous MYOZ2 mutations. Likewise, in the bigenic Myoz2 differs in humans (isoleucine) and mouse (valine). In addition, several other differences exist between human and mouse MYOZ2 proteins, which have 233/264 (88%) amino acid identify. Thus, species-specific differences between mouse (endogenous) and human MYOZ2 (transgene) might confound the results regarding the effects of the mutations on calcineurin activity. The data also do not exclude possible activation of the calcineurin-NFATc pathway at the level that is beyond the resolution of four different detection methods that were utilized in the present study. In addition, dissociation of the induction of cardiac hypertrophy from the calcineurinNFATc activity does not exclude potential contribution of the calcineurin-NFATc hypertrophic pathway to the progression of cardiac hypertrophy or the response of cardiac hypertrophy to increased external load, such as exercise or pressure overload. We did not subject these mice to external stress for two main reasons; first, because they (F) Levels of NFATc transcriptional activity normalized to that in NTG mice (n ¼ 4 per group). A positive control group is included in the left side of the panel with its own scale. There were no significant differences among the groups.
exhibited cardiac hypertrophy, albeit mild, in the absence of external stimuli; and secondly, because we intended to model human HCM, which by definition expresses cardiac hypertrophy in the presence of normal loading conditions. We generated and characterized conventional transgenic mice for two mutations in MYOZ2 but only bigenic mice for the p.I246M mutation (Myoz2 +/2 :MYOZ2 I246M ). We did not express mutant MYOZ2 S48P in the hemizygous background of the endogenous MYOZ2, as we had generated only one conventional transgenic line of the MYOZ2 S48P mutation. In contrast, we had generated and characterized four independent conventional transgenic MYOZ2 I246M line.
Therefore, we chose the latter, as the expression of a similar cardiac phenotype in independent transgenic lines practically abrogates the potential confounding effects of insertional mutagenesis, which is an inherent concern in a single transgenic line.
The mutant MYOZ2 mice exhibited cardiac hypertrophy as detected at the organ, cellular, and molecular levels. The expression of cardiac hypertrophy, however, was relatively mild. The stimulus for cardiac hypertrophy in these transgenic mice is unlikely to be gross mechanical dysfunction as cardiac systolic function, as assessed by echocardiography, was normal. However, various Z disk abnormalities were present in the mutant MYOZ2 bigenic mice, which might provide the initial impetus for the induction of cardiac hypertrophy, independent of the calcineurin pathway. Z disks are increasingly recognized as signalling hubs for the cardiac hypertrophic response, 25 even though the precise molecular events emanating from the Z disks are not fully known. Among the notable changes in the MYOZ2 transgenic mice were comparatively higher levels of phospho-ERK1/2 in the mutant MYOZ2 I246M transgenic mice relative to MYOZ2 WT transgenic mice. Despite the well-established role of ERK1/2 in cardiac hypertrophy, 26 the data in the present manuscript are inadequate to conclude the activation of ERK1/2 as the responsible mechanism for the cardiac phenotype in the mutant MYOZ2 transgenic mice because levels of phospho-ERK1/2 in the Myoz2 +/2 :MYOZ2
WT Figure 6 The activation of selected mitogen-activated protein kinases involved in cardiac hypertrophy: (A) levels of phospho-ERK1/2 (upper blot), total ERK1/2 (middle blot), and the corresponding blot for a-tubulin (lower blot) in the experimental group. Corresponding quantitative data are shown in (B). As shown phospho-ERK1/2 levels were reduced in the Myoz2 +/2 :MYOZ2 WT as opposed to the corresponding levels in the NTG mice or the Myoz2 +/2 :MYOZ2 I246M mice. (C) Levels of phospho-p38 (upper blot), total p38 (middle blot), and a-tubulin in the experimental groups. There were no significant differences in the ratio of phosphor-p38/total p38 among the experimental groups (D). (E) Levels of phospho-JNK54/46 (upper blot), total JNK54/46 (middle blot), and the corresponding a-tubulin levels (lower blot). A shown (F) relative levels of phospho-JNK54/46 normalized to total JNK54/46 levels were significantly reduced in Myoz2 +/2 :MYOZ2 WT and Myoz2 +/2 :MYOZ2 I246M mice when compared with levels in the NTG mice. However, there were no significant differences between the wild-type and mutant bigenic mice groups.
were reduced. Similarly, levels of phosph-JNK54/46 were also reduced. These changes might reflect functional differences between human (transgene) MYOZ2 and the mouse MYOZ2, particularly in influencing the hypertrophic signalling pathways including the calcineurin -NFATc pathway, which might compound interpretations of the results. In summary, our data show that the expression of mutant MYOZ2 proteins, responsible for HCM in humans, induces a mild cardiac phenotype that resembles human HCM. Notably these mice exhibit cardiac and myocytes hypertrophy, myofibrillar disarray, Z disk structural abnormalities, interstitial fibrosis, and preserved systolic function. However, despite the well-established role of MYOZ2 as an inhibitor of calcineurin, 9,10,22 the induction of the cardiac phenotype in the mutant transgenic mice was independent of the calcineurin -NFATc pathway. These findings imply that calcineurin inhibitors might not be plausible agents for treatment of human patients with HCM caused by MYOZ2 mutations.
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